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Introduction
Major depressive disorder (MDD) is the leading cause of disability for individuals in early and middle adulthood, and affects approximately 216 million people annually (Vos et al., 2016) . The rate of remission with front-line anti-depressant medications (ADMs) is just 34% (Trivedi et al., 2006) , hence there is a need for translatable biomarkers to improve clinical decision making in MDD. Recent advances in structural magnetic resonance imaging (MRI) analysis techniques have enabled large improvements in sensitivity (Callaghan et al., 2018) . It is therefore pertinent to investigate the potential for MRI-based markers of structural brain abnormalities in MDD using state-of-the-art tools. In this paper we evaluate fixel-based analysis (FBA) , a new technique for the analysis of diffusion imaging (dMRI), using data from the international Study to Predict Optimized Treatment in Depression (iSPOT-D).
It is now well established that MDD is associated with structural brain abnormalities. A large meta-analysis found that hippocampal volume normalised in remitted patients (Kempton et al., 2011) , and our group recently demonstrated that hippocampal tail volume is predictive for both diagnostic status and remission (Maller et al., 2017) . In white matter (WM) numerous abnormalities in MDD have been identified previously; for example, we proposed a metric derived from diffusion measurements in the fornix and the cingulate bundle which had significant discriminatory power to predict non-remission (Korgaonkar et al., 2014) . These abnormalities are primarily localised to the limbic network, which is central to emotion and memory, and to the frontal association fibres, which interconnect the cortex of the frontal lobe (Drevets et al., 2008; Rigucci et al., 2010) . Data from iSPOT-D have also revealed widespread regions of gray matter atrophy, providing converging evidence of the structural contribution to the development of MDD (Grieve et al., 2013b) . Gender specific structural differences have also been found in other mental disorders such as bipolar (Bora et al., 2012;  
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A C C E P T E D M A N U S C R I P T McLean et al., 2011) ; however WM gender analysis has not yet been studied within MDD.
These and other data from the literature highlight the potential for dMRI as a biomarker in MDD (Chi et al., 2015) .
The key type of analysis applied in many of these studies has utilised a diffusion-tensor model of dMRI data. Diffusion-tensor imaging (DTI) uses a Gaussian model of diffusion to fit a single tensor at each voxel. However, given that as much as 90% of the brain's WM comprises two or more fibre populations (Jeurissen et al., 2013) , a single tensor is not sufficient to accurately model crossing fibres. As such, any metrics derived from a tensor model, including fractional anisotropy (FA), are impacted by this issue. New techniques have been developed specifically to model crossing fibres. One such technique utilizes constrained spherical deconvolution (CSD) to produce a fibre orientation distribution (FOD); a continuous distribution that represents the partial volume of underlying fibres as a function of orientation (Tournier et al., 2004) .
FBA is a new type of dMRI analysis based on the FOD that may reveal different microstructural changes within the brain . A fixel, which refers to the fibre population within a voxel, is determined via segmentation of the FOD lobes (Raffelt et al., 2015) . Probabilistic tracking then defines connectivity between fixels, which is used for connectivity-based smoothing and connectivity-based fixel enhancement to increase statistical power. FBA produces three metrics: fibre density (FD), fibre cross-section (FC), and fibre density cross-section (FDC), summarised in Figure 1 . FD refers to the apparent fibre density that is derived from the FOD (Raffelt et al., 2012) . FC is an estimation of the fibre bundle area perpendicular to the length of the fibre. Since microstructural damage may impact either FD or FC independently, the FDC (as the product of the two) acts as a summary measure. Using this method, different and a greater volume of WM abnormalities may be detected than compared with conventional diffusion-tensor based metrics; this has so far only
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been applied in motor-neurone disease (Raffelt et al., 2015) , Alzheimer's disease (Mito et al., 2017) and in a mouse model of traumatic brain injury (Wright et al., 2017) . In this exploratory study we hypothesised (a) that FBA would reveal abnormal WM microstructure in MDD, which would be localised to the limbic network and frontal association fibres as well as being associated with demographic factors including gender and remission. And (b) that FBA would detect different abnormalities compared to conventional metrics derived from the diffusion tensor.
Methods and Materials

Participant characteristics and study protocol
The Western Sydney Ethics Committee approved this study, and all participants provided written informed consent. Data were gathered from participants in the iSPOT-D trial, which has been described previously (Grieve et al., 2013a; Williams et al., 2011) . The Mini-International Neuropsychiatric Interview (Sheehan et al., 1998) using DSM-IV criteria (American Psychiatric Association, 2000) and a 17-item Hamilton Rating Scale for Depression (HDRS 17 ) (Hamilton, 1960) score ≥16 confirmed the primary diagnosis of MDD.
Exclusion criteria of the iSPOT-D trial ensured that no participant had suicidal ideations and/or tendencies, bipolar disorder, psychosis, any primary eating disorder, post traumatic stress disorder, obsessive compulsive disorder, post-natal depression or any axis II personality disorder, as diagnosed using the Mini-International Neuropsychiatric Interview (Sheehan et al., 1998) or by a health care professional. All MDD participants were either ADM-naïve or had undergone a wash-out period of at least 5 half-lives of a previously prescribed ADM.
Participants were randomized to receive flexibly-dosed, open-label escitalopram, sertraline or venlafaxine-extended release for eight weeks. The study recruited from primary care,
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community and academic psychiatry settings with the goal of representing a broad sample of antidepressant treatment seekers. Medications were prescribed, and doses adjusted by treating clinicians according to routine clinical practice, following the recommended dose ranges. A HDRS 17 of ≤7 after 8 weeks was used to define remission (Maust et al., 2012) . Duration of depression was also recorded.
Data were drawn from the imaging arm of the iSPOT-D study, consisting of 232 subjects diagnosed with MDD and 68 controls. Demographic and clinical data were obtained at baseline, including age, gender, age at first MDD diagnosis, and depression duration.
Baseline MRI sequences were obtained on all participants, as described below. DWI data were visually inspected and of the total 300 dMRI datasets; 12 (11 MDD, 1 control) were unusable due to motion artefact, leaving 221 MDD and 67 control datasets usable for analysis. Of the remaining 221 MDD participants, 43 did not complete an 8-week follow-up assessment and were therefore excluded from additional treatment analysis.
Image acquisition
MRI data were acquired using a 3 Tesla GE Signa HDx scanner (GE Healthcare, Milwaukee, Wisconsin), using an 8-channel head coil. Diffusion images were acquired using a spin-echo EPI sequence. Seventy contiguous 2.5 mm slices were acquired in an axial orientation with an in-plane resolution of 1.72 mm x 1.72 mm and a 128 x 128 matrix (TR: 17000 ms; TE: 95 ms; Fat Saturation: ON; NEX: 1; Frequency direction: R/L). Four b=0 volumes and 42 unique diffusion-weighted volumes were acquired with a b-value of 1250 s/mm 2 . T1weighted images were acquired using a contiguous AC-PC aligned sagittal IR-SPGR sequence (TR=8.3 ms, TE=3.2 ms, TI=500 ms, flip angle=11 degrees, matrix=256 × 256, voxel dimensions=1 mm isotropic, NEX=1).
Fixel-based analysis
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FBA was performed using the MRtrix3 package (Brain Research Institute, Melbourne, Australia; http://mrtrix.readthedocs.io/en/latest/). This software utilizes the principles of CSD and probabilistic streamlines to define the anatomical circuitry of the brain, especially that of the WM structure. Diffusion data were denoised (Veraart et al., 2016) , and pre-processed for eddy current and motion correction using FSL (Andersson et al., 2003; Andersson and Sotiropoulos, 2016) as per the recommended pipeline (Raffelt et al., 2012) . The data were then corrected for spatial intensity inhomogeneity using N4 bias correction (Tustison et al., 2010) , and normalized to the median b=0 WM signal. The data were then up-sampled to 1.25mm voxel size to improve downstream spatial normalization statistics (Dyrby et al., 2014) . FODs were calculated using MRtrix3 by means of a group averaged response function. A study-specific FOD template comprising 40 gender and group-matched datasets was generated, to which all subjects and subsequent image data were registered to. The template was then used to generate a WM fixel template that was used to identify the best fixel correspondence across subjects. Values for FD, FC, and FDC were then calculated. The natural logarithm of FC was calculated and used for downstream statistics, to ensure the data were centred about zero and normally distributed. Whole brain fibre tractography was performed on the FOD template (number of streamlines=20 million, maximum angle=22.5, maximum fibre length=250mm, minimum fibre length=10mm). SIFT (Sphericaldeconvolution Informed Filtering of Tractograms (Smith et al., 2013) ) was then performed to reduce tractography biases, which reduced the number of tracks to 2 million.
Non-parametric permutation testing was performed using connectivity-based fixel enhancement (Raffelt et al., 2015) via the MRtrix3 package. In summary, this approach uses information from probabilistic tractography to identify fixels that are likely to belong to the same anatomical structures or pathology and applies smoothing in a tract-specific manner.
Then, a threshold-free cluster enhancement-like approach is used to identify clusters of
interest. 5000 random permutations of the sample were used to determine statistical significance.
Diffusion tensor imaging analysis
As a comparison to the conventional method, DTI based voxel-wise analysis was performed using the FSL diffusion toolkit (FDT; version 5.0.9). dMRI data were denoised then corrected for eddy currents and motion. DTI metrics were then generated for FA, Apparent Diffusion Coefficient (ADC), Axial Diffusivity (AD), and Radial Diffusivity (RD). DTI metrics were then co-registered to MNI space using FSL FNIRT via T1-weighted data. Typically, tractbased spatial statistics (TBSS) is used to perform voxel-wise analysis of DTI derived metrics (Smith et al., 2006 ) on a tract skeleton calculated from voxels with high FA. As FBA metrics are calculated using the whole brain, DTI metrics were also calculated using whole-brain voxel-wise analysis instead of TBSS. To allow a direct comparison between DTI and FBA metrics, the study-specific WM template, as described previously, was used as a mask for DTI analysis. Voxel-wise cross-subject statistical analysis was performed using randomise (Winkler et al., 2014) with threshold-free cluster enhancement and 5000 permutations (Smith and Nichols, 2009) . Each nonparametric permutation test for FA, ADC, AD, and RD analysis resulted in an image where the voxel value represented the FWE-corrected p-value, visualised as (1-p). An FWE-corrected p-value <0.05 was considered statistically significant.
Anatomical regions were identified using the ICBM-DTI-81 white-matter atlas (Mori and Crain, 2006) and the JHU white-matter tractography atlas (Hua et al., 2008) .
Statistical analysis
Age and gender were demeaned and included as covariates in all models where applicable.
An exploratory univariate analysis at the group level determined the factors to be included in each model, with variables being marked as "significant" (p<0.05) or "borderline significant"
A C C E P T E D M A N U S C R I P T (0.05<p<0.10; Table 1 ). HDRS 17 was not considered as a potential covariate because it was used to define remission. All comparisons were tested for in both fixel-based data and diffusion tensor data. The first comparison was between MDD and control groups, with age and gender (both demeaned) as covariates. The cohort was then split into male and female subgroups, where MDD vs controls were tested for in the respective subgroup. Age was again demeaned (mean was calculated for the cohort in question, e.g. males only) and included as a covariate in these models. Next, remission was compared against non-remission within the MDD cohort. This model included age, gender, and years of education as co-variates. Years of education was borderline significant in the univariate analysis and therefore included (0.05<p<0.10). Lastly, the MDD cohort was subdivided into male and female subgroups,
where remission vs non-remission was tested for. Age was demeaned and included as a covariate. between those who did and did not remit (p>0.05). Years of education was borderline significant (0.05<p<0.10) between remitters and non-remitters. Figure 2 illustrates the significant regions of altered metrics for the FBA analysis of MDD (n=221) versus controls (n=67). Focal differences in magnitude of -5 to -9% were seen in MDD compared to controls across all three FBA metrics. Table 2 summarizes FC showed an average percentage difference relative to controls of -5.8% and -6.0% in the left and right anterior limb of the internal capsule, respectively, compared to -7.4% and -7.8%
Results
Participant Characteristics
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Whole brain FBA of MDD versus controls
in the same cluster location for FDC. FD presented a mean percentage difference of -5.0% in the left frontal projection of the genu of the CC, compared to -7.0% for FDC in the same ROI, and -9.0% in the right frontal projection.
Differential gender effects
To test the potential impact of gender, FBA analysis was performed on a cohort of males only (MDD n=106, control n=33) and then females only (MDD n=115, control=34). The two tests revealed significant clusters corresponding to those described in the group comparison. These results are summarized in Table 3 and Figure 3 . It was found that, for FDC, females showed significant control>MDD only in the anterior anatomical locations detected in the group comparison; namely, the entire genu of the CC, encompassing Clusters 1 and 2 (Figure 3a) .
The average percentage difference of this region was 10% lower compared to controls. No significant clusters were detected corresponding to Clusters 3 and 4 in females. Conversely, in males, only the right anterior limb of the internal capsule was significant in FDC (Cluster
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Separate gender-specific analysis of the FC revealed five significant clusters in females incorporating small volumes concordant with Clusters 1, 2, and 3, as well as two additional locations not present in the whole group analysis. These clusters showed an average difference in FC ranging from -5 to -8%. The largest cluster not previously detected was located within the tapetum (termed Cluster 5; Figure 3b ). The anatomical connectivity of this cluster was estimated by using unconstrained tractography seeded from the cluster voxels A single cluster was detected for lower FC in male MDD patients which corresponded to Cluster 3 from the whole group analysis and was associated with an average difference of -6.8%. No significant gender-specific differences in FD were detected. 
FBA analysis of remission vs non-remission
Evaluation of DTI-metrics
To compare the performance and evaluate any differences in patterns of structural difference we replicated all the previously mentioned comparisons using a standard voxel-based analysis approach, focussing on the DTI-based metric, FA. A secondary set of analyses was also performed on previous contrasts using ADC, AD, and RD, as less commonly used but still biologically-meaningful measurements. Figure 5a and Table 4 summarise the significant regions of lower FA seen in the MDD cohort compared to controls. For the control>MDD analysis, FA demonstrated significant clusters in four regions: the left anterior corona radiata, the left external capsule, the cerebral peduncle bilaterally, and in the anterior aspect of the mid-brain. There was minimal overlap between these smaller clusters and the FDC clusters (total volume of overlap = 0.27 mL; Figure 5 ).
Our secondary analysis showed a widespread number of small diffuse clusters of lower AD in MDD compared to controls (all 1.2 mL or less in volume). These are shown in Figure 5b and were located in the splenium of the CC, the left posterior corona radiata, the superior longitudinal fasciculus bilaterally, and the left posterior thalamic radiation. ADC showed one small cluster in the left anterior thalamic radiation, whilst RD had no significant clusters for this contrast.
FA, ADC, and RD all showed small scattered significant clusters for the MDD>control contrast, whilst AD did not reveal any significant voxels. For FA, there were significant clusters in the right posterior limb of the internal capsule, and in the right superior corona radiata. ADC and RD had small significant clusters (see Table 4 ). No significant clusters were detected for the DTI-metrics for the contrast of remission vs non-remission.
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A gender split analysis of DTI metrics revealed significant clusters only in the female cohort.
Only FA and AD in control>MDD reached significance. FA had many diffuse clusters that were located in the genu of the CC (Clusters 1 and 2), the cerebral peduncle bilaterally, and the left uncinate fasciculus. AD had one significant cluster in Cluster 2. These results are summarized in Table 5 .
No significant clusters were detected for the remission vs non-remission gender split analysis of DTI metrics.
Discussion
Our data demonstrate strong evidence of WM abnormalities within the brain of MDD patients using FBA. The predominant differences between MDD patients and controls involved areas of lower fibre density cross-section with magnitude of 10% or more across three specific sites: (1) the genu of the corpus callosum, (2) the bilateral frontal projections and (3) the anterior limb of the internal capsule. We also found that these differences were gender-specific. FBA revealed structural features at baseline that were related to remission status, again involving the tapetuman area not previously highlighted using structural MRI as being associated with remission. FBA played a critical role in enabling the above findings, as examining the same cohort did not detect any substantial difference in the same regions using the conventional DTI-based metric, FA.
Our results have a three-fold importance: (1) methodologically, (2) from a disease mechanism perspective and (3) as an enabler of precision medicine. First, our results suggest that FBA revealed a higher volume of WM microstructural abnormalities compared to conventional DTI-based metrics such as FA, and provide evidence that these two methods may be sensitive to different WM abnormalities. Second, our results have great mechanistic significance: they add convergent information to prior data, both from our iSPOT-D study
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and other work, which highlight the primacy of two separate networks in the pathophysiology of MDD -the limbic network, and the frontal association network. In particular, the strong association between FBA measurements within the tapetum at baseline to remission status at 8 weeks supports the argument that these structural differences have a functional significance, and are not merely secondary to a more primary process. Third, and most importantly, we show that there is a clear difference between the WM abnormalities present in males and females. Given the poor remission rate to conventional ADM treatment, stratification of patients into biological sub-types is of clear future importance.
The presence of gender-specific findings is consistent with the well-established gender differences in incidence and temporal course of various mental disorders (Boyd et al., 2015; Kuehner, 2017; McLean et al., 2011) . Prior structural imaging studies have been underpowered to evaluate for subtle brain differences, or have not included a gender analysis (Chi et al., 2015) . The lack of overlap between male and female WM differences in MDD revealed using FBA shows the importance of considering gender in any future attempts to develop imaging-guided precision medicine tools, and to adequately power studies to permit this.
The involvement of the tapetum is a unique finding. This structure represents the direct connection between the hippocampi and, as such, the involvement of this structure in the current study suggests that MDD is not only related to ipsilateral connectivity, but also contralateral temporal connectivity. The notion that this significant region (Cluster 5) formed part of the tapetum was supported by tractography. An abnormality in the tapetum relating to both remission and to diagnosis (in females) provides further convergent evidence of widespread limbic abnormalities in depression.
Our FA and AD findings are in concordance with previous DTI studies (Bergamino et al., 2017; Jiang et al., 2017; Shen et al., 2017) , with differences in the left superior longitudinal fasciculus, left posterior thalamic radiation and the left posterior corona radiata. Previous studies have also reported lower FA in anterior frontal CC projections (Yamada et al., 2015) .
Of note, different regions were detected using FBA compared with diffusion tensor-based metrics, such as FA and ADC. Although FBA clearly had a higher volume of significant regions compared to FA or other DTI-metrics, it is also clear that these different analysis types may be weighted with a bias toward detecting different underlying abnormalities, since there was only minimal anatomical overlap between the two analyses in our study.
Our study has several limitations. Primary among these is the cross-sectional nature of our baseline analysis. Future longitudinal work is required to determine if the structural differences observed are a product of a depression state, preceding causal factors or a combination of both. While our data have been acquired using sufficient angular resolution to provide a valid and robust analysis, the acquisition is not optimal for an FOD based approach.
The relatively low acquired b-values limit the interpretation of changes in FD, as such the values likely reflect not just the intra-axonal component, but some of the extra-cellular component as well. In the absence of any other known pathology however, a reduction in the fibre density remains the most likely interpretation. An optimal acquisition would employ higher b-values, higher angular resolution, and more than one diffusion shell. Future studies using a more suitable acquisition may therefore benefit from the increased statistical power and sensitivity.
CONCLUSION
In this study, we have employed FBA for the first time in depression, demonstrating genderspecific differences in white matter microstructure involving the genu of the corpus callosum
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(females) and the anterior limb of the internal capsule (males), as well as gender-independent differences in the tapetum that predict remission. We show that FBA reveals a higher volume of abnormalities compared to DTI-based metrics, and that these two techniques identify differing regions which likely reflect different aspects of WM structural differences. SMG has previously received fees as a consultant for Brain Resource Ltd.
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Figure 2. FBA comparison between MDD (n=221) and controls (n=67) for FD, FC, and
FDC with age and gender as covariates (demeaned). Images were rendered on a studygenerated WM template. The coloured voxels represent significance (p<0.05) in control greater than MDD, whilst the scale represents the percentage difference relative to controls.
Cluster (1) is located anatomically in the right frontal projection of the corpus callosum, (2) in the left frontal projection of the corpus callosum, (3) in the right anterior limb of the internal capsule, and (4) in the left anterior limb of the internal capsule. 
Figure 5. Comparison between DTI and FBA metrics in MDD (n=221) vs controls
(n=67). Images were rendered on a study-generated WM template registered to MNI space.
The coloured voxels represent significance (1-p where p<0.05) for the contrast controls>MDD with age and age and gender as covariates (demeaned).
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Highlights  In males with depression the anterior limb of the internal capsule is abnormal  In females with depression the genu of the corpus callosum is abnormal  The structure of the tapetum is associated with remission on anti-depressants 
